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SUMMARY

The Tension Adjustable Network for Deploying Entry Membrane (TANDEM) concept is a phase |1 NASA Innovative
Advanced Concepts (NIAC) project. One of the goals for this project was to extend the application of tensegrity-based
rovers to a rideshare concept for a Titan mission. This report provides preliminary details of the TANDEM concept
for Titan. System analyses of the entry vehicle were performed and compared to data from the Huygens mission to
Titan. The entry aeroshell was based on Huygens and Stardust aeroshells. Modeling, simulation and design of the
tensegrity deployment were performed using a nonlinear optimization form-finding algorithm. Lastly, a
neuroevolution-based machine learning control strategy was applied, which produced efficient rolling locomotion
gaits.

1. Introduction

1.1. Background

The CRASH Lab and NASA Langley developed TANDEM, a planetary rover concept in which all aspects of entry,
descent, landing, and locomotion (EDL-L) are achieved by a single, multifunctional tensegrity structure [1-2]. The
tensegrity rover is comprised of rigid elements (e.g., bars) connected to a network of tension elements (e.g., cables)
and attached to a central payload module. By actuating the cables, TANDEM morphs its shape to be stowed inside an
aeroshell and deployed into its landing configuration. For locomaotion, it shifts its center of gravity to roll across
terrains. Loads are distributed throughout the tension network to protect the payload at impact. The lightweight design,
omnidirectional landing, and adaptive locomotion capabilities make TANDEM a strong candidate to explore extreme
environments on most celestial bodies in our Solar System. Venus and Titan are of particular interest to the TANDEM
Team, since both planets have thick atmospheres, limiting the exploration of the surface topography from orbit.
TANDEM was originally proposed for a Venus surface exploration mission. This report details the application of
TANDEM as a rideshare concept candidate to explore Titan’s lands and oceans.

1.2. Concept of Operations

The original TANDEM concept combined the tensegrity rover with an Adaptable Deployment and Entry Placement
Technology (ADEPT) [3] semi-rigid heatshield to create a novel multifunctional EDL-L vehicle. This deployable
aeroshell concept is suitable for Titan’s atmosphere, but this study selected the flight-proven, rigid aeroshells that
provide a higher technology readiness level (TRL) and fit the timeline for upcoming Titan rideshare opportunities.
The entry, descent, and landing (EDL) concept is similar to the Huygens mission. Two flight proven heatshields were
evaluated: Huygens and Stardust. A modified Huygens aeroshell with Mars Exploration Rover (MER) backshell was
also evaluated.

Figure 1 shows the concept of operations of TANDEM exploring Titan’s lands and oceans. After peak heating in the
upper atmosphere, a parachute pulls out the aeroshell, followed by TANDEM’s free-fall to the surface. The selected
design parameters keep the impact velocity within the designed capabilities of TANDEM, eliminating the need for a
second parachute. The spherical landing configuration protects the payload module at any impact orientation. This is
critical because of Titan’s unknown topography. Following impact, TANDEM will explore the surface by actuating
its cables, causing a rolling locomotion. In addition to rolling locomotion, TANDEM could use its actuated tensegrity



frame to swim across the liquid bodies on Titan. One concept is to have elliptical cross sections on the rigid elements
and use the flatter end as a paddle to swim with a breaststroke-like gait.

Atmospheric
Entry.

Peak [ Descent to

Heating 4 Surface

Aeroshell S

Separation

Surface N Omnidirectional
Exploration N Landing

Figure 1: Concept of Operations of TANDEM on Titan.

2. TANDEM Trajectory

TANDEM’s baseline design for a mission to Titan had a similar ballistic coefficient to Huygens. The systems analysis
followed the approach of a previous study [4]. The EDL segment of the mission was modeled using 3 degrees-of-
freedom (DoF) equations of motion solved with a Python module called Quick EDL. Quick EDL provided altitude,
velocity, acceleration, and stagnation point heating.

3. Aeroshell Design

TANDEM’s original concept mission to Venus uses a deployable heatshield, which is actuated by the rover’s
tensegrity frame. This proposed concept mission to Titan evaluated two rigid and flight-proven aeroshells with higher
technology readiness levels (TRL) than the deployable aeroshell of the original TANDEM. The higher TRL is an
important consideration for a potential rideshare with the Dragonfly Titan mission scheduled to launch in 2027.



3.1. Huygens and Stardust Aeroshells

Two flight proven aeroshell concepts were considered: Huygens and Stardust. Figure 2 shows TANDEM packed
within each aeroshell. The Huygens aeroshell successfully entered the Titan atmosphere at 6 km/s and landed. Stardust
was a return capsule sent back to Earth after gathering comet samples and cosmic dust. It entered Earth’s atmosphere
at 12.8 km/s and landed in the U.S. Air Force Utah Test and Training Range. Both Earth and Titan have nitrogen rich
atmospheres, which makes Stardust’s 60° sphere cone aeroshell a viable option for a Titan mission. The Stardust
backshell also has a larger volume that can hold a scaled up TANDEM. Each aeroshell is designed differently, most
notably the Huygens backshell is narrower than the heatshield, to lower ballistic coefficient and improve the dynamic
stability during the Titan atmospheric entry. The TANDEM payload has a much lower center of gravity, mitigating
some of the entry dynamic stability issues.

Figure 2: TANDEM Inside Huygens Aeroshell (Left) and Stardust Aeroshell (Right).

The TANDEM Titan aeroshell design uses the shape of the Stardust aeroshell with the ballistic coefficient of the
Huygens aeroshell. Ballistic coefficient is defined as:
=— )
= CpA

Using Huygens’ ballistic coefficient of 38 kg/m? and flight path angle of 65° results in the same trajectory and heating
profile. To maintain the same ballistic coefficient, the ratio of mass to area was kept constant.

3.2. Thermal Protection System (TPS)

The estimated heat load and entry velocity were used to calculate the TPS thickness using surrogate models developed
by Sepka and Samareh [5]. Based on maximum heat flux, Phenolic Impregnated Carbon Ablator (PICA) was selected
for the heat shield and Super Lightweight Ablator (SLA) for the backshell. PICA and SLA are proven technologies
and were used for the Stardust aeroshell [6].

Equations (2) and (3) were used to estimate the TPS thickness for PICA and SLA, respectively.

0.1873

TH = 1.8696 (W) (2)
HIN? HL
TH = 0.0064 (W) +0.0961 (W) +0.3322 3)

A uniform TPS thickness was used to calculate the total TPS mass.



3.3. Aeroshell Structure

The Integrated Composite Stiffener Structure (ICoSS) concept was proposed for the future Mars Sample Return
(MSR) mission [7]. It is comprised of a lightweight foam core that forms the stiffener geometry going across the
structure, shown in red in Figure 3. The stiffeners are connected by co-cured junctions that allow for efficient load
distribution throughout the structure during launch and entry. The Computer Numerical Control (CNC) machined
foam core offers the benefit of design flexibility to be adapted to lander missions.

Figure 3: (Top) Heatshield, (Middle) Stiffener Structure, (Bottom) Outer Skin [7].

The 1CoSS concept will be redesigned to accommodate future design requirements for TANDEM. The concept will
be optimized to sustain loads from launch and entry. Current work is focused on performing size optimization of the
ICoSS forward shell.

The original 1CoSS concept was designed to withstand surface impact for MSR. However, TANDEM will not require
impact energy absorption by its forward shell. Future work will investigate redesigning the system to withstand only
aerodynamic loading at a reduced mass.

3.4. Master Equipment L.ist
The TANDEM lander masses reported by Schroeder, Samareh and Bayandor [1] were scaled for the Titan mission.

Table 1 shows the master equipment list for TANDEM and its aeroshell scaled to the diameter of the Stardust aeroshell,
with the ballistic coefficient of the Huygens aeroshell.



Table 1: Master Equipment List for TANDEM Titan Mission

TANDEM
Current Best Estimate  Growth Predicted Mass
Mass (kg) (kg)
Total Mass 269 344
Aeroshell 102 0.3 131
Structures 33 43
Heatshield 11 0.3 14
Structural Backshell 22 0.3 29
TPS 69 89
Heatshield 24 0.3 32
Backshell 45 0.3 58
Lander 167 213
Scientific Payload 10 0.3 12
Thermal 17 0.3 22
Power 3 0.3 4
Commes. Avionics & 6 0.3 8
Electronics
Secondary Structure 30 0.3 38
Landing System 100 0.3 129

4. Tensegrity Modeling

Tensegrity-based rovers are lightweight, redundant, and packable platforms particularly suitable for planetary
exploration missions. The SUPERDball tensegrity rover demonstrated packability, payload protection from impacts,
and robust surface locomotion at the NASA Ames Roverscape test facility [8]. The TANDEM concept adds a higher
degree of versatility, controllability, and redundancy to the system [1]. SUPERball is comprised of 6 rigid elements
and 24 outer cables. The baseline TANDEM concept has 18 rigid elements, with 54 outer cables and 24 inner cables
supporting the payload module. There are a total of 78 cables. The added controllability allows TANDEM to precisely
morph to various aeroshell geometries and perform more rapid locomotion with less energy. The primary tool used to
design, simulate, and control the tensegrity structure is the MATLAB Tensegrity Dynamics Modeling and Simulation
Framework developed at NASA Ames [9].

4.1. Tensegrity Topology

The topology of a tensegrity structure describes how the rigid elements and cables are connected to one another. The
topology is represented by a connection matrix, which contains rows corresponding to each rigid element and cable,
and columns corresponding to end nodes. The matrix is sparse with each row containing a 1 and -1, signifying the
nodes from which that element starts and ends. Two distinct topologies were originally proposed for the TANDEM
concept [1]. The fundamental rigid elements and cables of these two topologies are labeled in Figure 4.
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Figure 4: Original and Proposed Topologies for TANDEM (Adapted from [1]).

The orientation of the upper bars differ between the two topologies. Figure 5A shows the two tensegrity structures
with their fundamental bars highlighted. The positions of the nodes of the two tensegrity structures are the same, but
their connections differ. The omnidirectional landing capability of each topology was assessed by simulating all
possible orientations of impact and calculating the maximum cable tension and the maximum deceleration experienced
by the payload. The x and y axes of Figures 5B and 5C correspond to spherical coordinates (i.e., longitude and latitude)
at which the structure impacts the ground. Figure 5 shows the results for an impact velocity of 15 m/s, payload mass
of 50 kg, and 0.75 kg point masses attached to each node. These values reflect a benchmark system design and do not
represent the TANDEM Titan mission design. The maximum cable tension, seen in Figure 5B, does not vary
significantly between the two topologies, however the maximum payload deceleration, shown in Figure 5C, is
significantly different. The dark red regions in the old topology were identified as orientations resulting in high impact
loads compared to the new model. The maximum deceleration decreased from 292 Earth g’s for the original topology
to 279 Earth g’s for the proposed topology. The orientations corresponding to maximum payload deceleration in the



original topology are exclusively found in the southern hemisphere, whereas the proposed topology is more evenly
distributed.
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Figure 5: Comparison of Original and Proposed Topologies.

The new baseline connectivity was used to generate new tensegrity structures with different numbers of bars. Trade-
offs between the structural mass, payload protection, and locomotive capabilities were investigated and compared to
the baseline 18-bar model. Tensegrity rovers with a fewer number of bars may be better suited for different mission
requirements, such as companion rovers for lunar astronauts. Figure 6 shows tensegrity rovers with 9, 12, and 24 bars
with the new baseline topology.

9 bars 12 bars 24 bars

Figure 6: Tensegrity Models.

4.2. Form Finding

Form-finding algorithms are used to determine the tensegrity configurations, both while packed inside the aeroshell
and when deployed. Several form-finding algorithms exist [10], of which the kinematical approach of nonlinear
optimization was chosen to create new configurations of the tensegrity structure. The algorithm determines the optimal
shape and loading of the tensegrity structure by maximizing the lengths of the rigid elements, subsequently minimizing

7



the lengths of the cables. The input parameters are the connection matrix and normalized lengths of each cable, and
the algorithm determines the optimal nodal coordinates.

Equations (4) describe the form-finding algorithm, where the objective function is to maximize the length of one of
the rigid elements. The first set of constraints enforce the cables to be the input length, and the second set of constraints
keep the lengths of the rigid elements equal. There is one nonlinear constraint equation for each cable and rigid element
in the structure, resulting in a set of 96 nonlinear constraint equations for TANDEM. The problem was solved using
the constrained minimization routine “fmincon” in MATLAB”. The algorithm outputs the nodal coordinates of the
tensegrity structure with the prescribed cable lengths and equal rigid element lengths. These coordinates are then
scaled for the desired size of the tensegrity structure.

Minimize: — ()% = — ((xl- - xj)2 + (yi - J’j)z + (Zi - Zj)z)

(Csx)z + (Csy)z + (Csz)z - (ls)2 =0
Subject to: 4
(Cpx)* + (Co¥)* + (Cp2)* — (,)* =0

The sum of the first three terms in each of the constraint equations represents the lengths of the cables and bars. Using
the kinematic form-finding algorithm, TANDEM’s shape is morphed by changing the prescribed lengths of the cables
L. Table 2 shows the input parameters for configurations generated with the form-finding algorithm. Empty cells
indicate cables whose length was not prescribed during form finding. Cables 1-13 are the fundamental, axisymmetric
cables in the tensegrity structure and are labeled in Figure 4. Cables 10 through 13 control the position of the central
payload module. Figure 7 shows selected configurations.

Table 2: Normalized Cable Lengths for Various TANDEM Configurations [1].

Configuration Cable Length Coefficients
1 2 3 4 5 6 7 8 9 10 |11 |12 |13
Stowed 240 | 350 | 1.50 | 1.50 | 3.50 | 2.40 | 1.00 | 3.00 | 1.00
Deployed 285 |1.00 |1.00 | 1.00 | 1.00 | 4.00 | 1.00 | 3.00 | 1.00
Descent 4,00 | 1.00|1.00 | 1.00 | 1.00 | 2.85 | 1.00 | 3.00 | 1.00
Default 150 | 150 |1.00 | 1.00 | 1.50 | 1.50 | 1.00 | 1.50 | 1.00
Stardust 3.00 | 1.00 | 1.00 | 1.00 | 1.00 | 3.00 | 1.00 | 3.00 | 2.00 | 1.50 | 3.00 | 3.50 | 4.00
MER Backshell 3.00 | 1.00 | 1.00 | 1.00 | 1.00 | 4.25 | 1.00 | 3.00 | 1.00 | 1.25 | 3.50 | 4.50 | 3.00

\

)
N
/X

’

Y
| ) \;@ ‘“\‘
\.
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Figure 7: TANDEM Configurations. (Left to Right: Stowed, Default, Stardust, MER Backshell)

*Reference to or appearance of any specific commercial products, processes, or services by trade name,
trademark, manufacturer, or otherwise does not constitute or imply its endorsement, recommendation, or
favoring by the U.S. Government or NASA.

MathWorks https://www.mathworks.com/products/matlab.html
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4.3. Deployment Sequence

A key feature of the TANDEM concept is the rover’s ability to deploy from its packed shape inside the aeroshell to
its unpacked shape using the tensegrity-actuated frame. By linearly varying the length coefficients from one
configuration to another, a purely kinematic deployment sequence was created using the form-finding algorithm.
Although the deployment captures the shape change and preserves the rigid elements’ lengths, the mass of the bars
and payload are ignored. To capture the effect of the structural mass on the deployment sequence, a controller was
created in the MATLAB simulation environment. This controller was generated by a genetic algorithm, which uses
the output nodal positions from the form-finding algorithm to transform TANDEM into a desired configuration.

Equation (5) is the fitness function that represents the sum of the differences between the current simulation and
desired form-finding node positions. To maximize fitness, the function is multiplied by -1, so that the nodal positions
of the most fit selection are closest to the desired configuration. The terms X, y, z are the node positions after the
simulation, and xgg, yrg, Zgr are the desired node positions from the form-finding algorithm.

F = —sum((x — xpp)* + (v — ypp)* + (2 — zpp)?) (5)

Each population of the genetic algorithm contained 13 cable rest-length parameters, one for each unique cable. The
cable rest-length is the parameter which controls the cable actuation. The first generation included randomly selected
rest-lengths, which were simulated and then evaluated using the fitness function in Equation (5). Populations were
ranked using a binary tournament, where the winner continues to the next generation unchanged, and the loser becomes
a mutated version of the winner. The mutation contained 13 elements, where each element had a 10% chance to
mutate. The mutation was chosen from a random normal distribution with a mean of 1 and a standard deviation of
0.05. The cable rest-lengths were multiplied by the mutation, such that 10% of these rest lengths mutated. This genetic
algorithm was run with 32 populations and 1000 generations to create robust configuration changing rest-length
controllers. Figure 8A shows the maximum fitness increasing across the generations until it plateaus at zero. Figure
8B shows the prescribed configuration from the form-finding method, compared to the result of the genetic algorithm
in Figure 8C. There is negligible difference between these two configurations because the fitness defined in Equation
(5) approached zero.

B.) Form Finding C.) Genetic Algorithm

A.) Maxi Fit . . " A
| Maximum Eitness Configuration Configuration
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The genetic algorithm accounted for the structure and payload masses during simulated shape changes. Figure 9 shows
the data from the simulator, including the cable tensions, lengths, and rest-lengths. The data corresponds to the ball-
to-stowed shape change described in previous paragraph with a benchmark payload mass of 50 kg, point masses of
0.75 kg at each node, 2.0 m rigid element lengths, and Earth’s gravity. Figure 9A shows the simulated length of each
of the 13 unique cables with a dashed line, compared to the kinematic cable lengths which are plotted as solid lines of
the corresponding color. Figures 9B and 9C show the cable rest-lengths over time and the cable tension over time,
respectively. The stiffness of each cable is 4000 N/m, which is the design stiffness for the cables on SUPERDball [11].
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Figure 8: Genetic Algorithm Results.
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Figure 9: Ball-to-Stowed Simulation.
5. Control Strategy

A learning-based nonlinear controller was used to generate efficient locomotion gaits for TANDEM. Due to the large
degree of freedom and nonlinearities inherent in tensegrity structures, creating a closed-form representation of the
system dynamics is not feasible. Instead, a high-fidelity simulation was used to represent the dynamics of the system.
Using this simulation, controllers learn efficient control policies. The learning-based control method selected for this
application was neuroevolution. Neuroevolution generates a quality controller by evolving a neural network controller
which maps a state to an action to maximize a performance score.

5.1. Neuroevolution

Neuroevolution is a method of training neural networks to map a desired input-output relationship. Due to the gradient-
free nature of evolution, these networks can be trained using performance functions that are not differentiable with
respect to the network parameters, such as a reward function for a controller. This makes neuroevolution a suitable
method for training controllers [12]. Here, a network follows a Markov decision process, where the network must map
a state to an action that maximizes the reward received [13]. Neural networks are chosen to learn this function due to
their ability to learn any arbitrary function given a large enough network size [14]. Assuming the network has an
achievable parameter set, a network can model a high-quality control policy [15].

These network parameters are optimized via evolution. In this study, a population of networks was used to keep a
variety of solutions. Each network was evaluated using a fitness function which defined the performance of the policy
in the simulation using a scalar value. Networks with higher fitness scores survive into the next generation, while
networks with lower fitness values are discarded. These discarded networks are then replaced by mutated copies of
the higher fitness networks. The purpose of mutation is to generate a slightly different neural network from a previous
version. This is done by randomly modifying the weights and the topology of the neural network [16]. These mutated
copies will potentially score better than their predecessors. If they do, they will continue to the next generation, and if
not, then they will be eliminated. This concludes a generation. After a long series of small positive mutations, the
population of networks is likely to contain at least one viable neural network controller [17].

5.2. Related Tensegrity Locomotion Work

Due to the complexity of tensegrity dynamics, learning-based methods of control are preferred. By evolving a discrete
or sinusoidal signal for each rest-length controller, a tensegrity unit can follow a high-quality rolling motion [18], [19].
However, this type of open loop control limits the applicability of the tensegrity unit. The controllers are unable to
adapt to disturbances in their environment or move to a goal position. For realistic application of these tensegrity
structures, a closed loop controller is needed.
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One method of providing a closed-loop control on a tensegrity unit is the Flop and Roll algorithm. This algorithm
trains a tensegrity rover to perform a series of flop motions to generate a rolling pattern. Extending this algorithm to
the TANDEM structure is not feasible as Flop and Roll leverages the high degree of symmetry in the SUPERDball
structure that is not present in TANDEM [20]. Instead, a centralized method of learning control for the TANDEM
tensegrity unit was used.

5.3. Problem Formulation

In this work, the state space, action space, and reward function of the Markov decision process were defined. The state
of the TANDEM rover consists of the three Euler angles of the payload orientation and a vector describing the distance
toward the goal in the x and y directions. These variables were chosen as they give the rover its relative position
towards its goal location. This information is sufficient for locomotion on flat ground, as used in the simulations.
More information will be required for rough terrain, where the rover must incorporate additional information into the
state representation, such as contact points with the ground and slope of the terrain.

The TANDEM rover was controlled via a series of rest-length controllers, one for each cable. The cable rest-length is
the parameter which controls cable actuations. The action space consists of setting the desired rest-length of each of
the 78 cables. The action space is large and difficult to explore since most configurations introduce slack into the
cables. Learning a series of lengths that lead to a stable configuration is also difficult as there is no clear metric for the
stability of a given configuration. To resolve this issue, the action space was limited so that the controller did not
directly control the length of each cable. Instead, the cable lengths started at a stable configuration, i.e., the ball
configuration. Then the controller selected pairs of cables, where one cable was extended by a factor of 1.5 and the
other cable was contracted by a factor of 0.5. The remaining cables stayed at their original configured length. By
discretizing the controller to deviate from the ball configuration, the stability of the ball configuration was preserved.

Two different reward functions were used to train two distinct behaviors. The first reward function prioritized the
speed of the rover as shown in Equation (6). Here, the rover was rewarded based on the final distance to the goal. The
goal was set to a distance that the rover could not reach in the allotted time. As a result, the rover learned to move
quickly in the direction of the goal to maximize the reward it received.

Ry = —d(g)y (6)

Where R is reward score and d(g)s is the distance to the goal location at the final timestep. The second reward function
prioritized robust control as shown in Equation (7). Here, the rover ran Ngoais Number of simulations, each with a
different goal. For each simulation, the distance of the rover to goal was recorded at the beginning and the end of the
simulation. The lower of these two numbers was summed to the running sum. This sum was multiplied by -1 to
maximize the negative distance toward the goal.

Ngoals

R, == > min(d(g)o,d(g)r) )

g=1

Where R is reward score, Ngoais is the number of goal locations, d(g)o is the distance to the goal location at the initial
timestep, and d(g)s is the distance to the goal location at the final timestep. The reward function in Equation (7) was
chosen to provide an easier signal to learn from, when compared to only adding the final distances like Equation (6).
Consider the case where the rover must learn to move to a point 1 m to the left and another point 1 m to the right. If
the rover never moves, then it will receive a reward of -2 as it is 1 m from both goal locations. Later, the rover moves
towards the goal on the right and sits on top of it. Using Ry, the reward is -2 as the rover is 2 m away from the left goal
and 0 m away from the right goal. The rover is exhibiting a desirable behavior but is not rewarded for it. Using R», the
rover would receive a reward of -1 as it is not penalized for moving away from the left goal. This stepping-stone
reward structure is easier for the rover to learn from as it does not include any unnecessary penalties.
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5.4. Simulation Setup

In each simulation, the neural networks used the same structure: 6 inputs, 42 hidden layers, and 78 output layers. The
activation function for each layer was a sigmoid. The topology of the networks remained static. The weights and biases
were initialized via normal distribution with a mean of 0.0 and a standard deviation of 0.05.

A population size of 32 networks was used in each simulation. The networks were selected using binary tournament
selection [21]. Fitnesses were assigned using either Ry or R,. To mutate a network, each network parameter was
mutated separately. If a parameter was chosen, a number was drawn from a standard normal distribution and summed
to the parameter’s previous value.

To select pairs of cables to extend and contract for each time step, the state was fed into the neural network. The output
vector determined which cables to extend and contract. Each value in the output corresponds to a cable. The Npairs
highest values in the output have their corresponding cables extended, while the Npairs lowest values have their
corresponding cables contracted, where Npairs IS a constant predefined parameter that determines how many cable pairs
to extend and contract.

All simulations were performed in the MATLAB tensegrity simulation environment [9].
5.5. Robust Training Control
In the first set of simulations, a robust control strategy was trained. A policy to move to three separate goals using the

reward function Rz was selected. A variety of policies with 1, 2, 4, and 8 active cable pairs were trained. Figure 10
shows the resulting fitness curves across 8 statistical trials and their respective standard errors.
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Figure 10: Fitness Policies with Varying Numbers of Active Cables.

There is a minimum number of active cables necessary for a robust controller. The one and two active cable pairs
provide some controllability over the tensegrity locomotion, which was improved with four and eight cable pairs.

The next set of simulations determined robustness of the control policies used with cable failure. Each policy tested
different variations of the rover with a single cable cut. At the beginning of each episode, a different cable was cut,
and the performance of the rover was measured. This led to 78 different performance measurements, one for each
cable cut. The team also compared the one active cable pair policies to the eight active cable pair policies and
determined the effect of active cable pairs on the robustness to cable failure. Figure 11 shows an average of 8 statistical
trials including standard errors.
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Figure 11: Performance of Controller with Cut Cables.

The x-axes of Figure 11 correspond to the cable that was cut, and the y-axes correspond to performance of the trained
controller. The one-active policy performed poorly (a score less than -14) for 13 of the individual cables cut, yet the
eight-active policy received a score less than -14 for only four of the cables cut. Two conclusions can be drawn from
this. The first is that increasing the number of active cables allows the rover to be more robust to cable failure. The
second conclusion is that cables 4 and 7 in the rotational section seen in Figure 4 are crucial to the locomotion of the
tensegrity structure. When these cables were cut, the tensegrity structure received a lower performance score.

5.6. Rolling Speed Training

The next set of simulations prioritized training policies to learn quick rolling gaits. To learn this behavior, policies
were trained using the Ry reward with a goal that was too far to reach in the allotted time. Figure 12 shows an example
rolling gait. In this figure, the rover starts at the left and moves to the right, with a snapshot roughly every second.

Figure 12: Snapshots of TANDEM Rolling.

The effect of the number of active cable pairs on the speed of the rover was examined. Control policies were trained
with 1, 2, 4, 8, and 16 active cables. Each policy was given 20 seconds to reach a goal 30 m from the starting location.
The goal was set at a far location so that no rover could reach it, but would have to move quickly to get as close as
possible. Figure 13 shows the results from this simulation with 15 statistical trials.
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Figure 13: Distance Traveled vs. Number of Active Cable Pairs.

The distance the rover was able to move increased with the number of active cable pairs up to a certain point. At the
16 active cables case, there was a sharp drop off in performance. As the number of active cables increased, the rover
showed better control over its shape up until it reached the 16 active cable case, where it became unstable. The resulting
policies for 16 cables tend towards the collapse of the rover. The training indicates eight-active cable configuration
results in fast and stable gait.

For the last set of simulations, the effects of gravity and payload mass on the speed of the rolling gait learned were
tested. The rolling motion learned by the rover consists of a series of leaning and falling forward motions. The speed
at which this falling occurs should have a direct impact on the speed of the rover. Simulations were run for the gravities
of Titan, the Moon, Mars, and Earth, with payload masses of 10, 50, and 200 kg. Again, the rover was tasked with
moving to a goal 30 m away in a span of 20 s. Each case used the same actuator properties. Figure 14 shows the results
of 15 statistical runs along with standard error.

20

I 10kg
18 - | [ 50kg
[C——J200kg

Distance (m)

0
Titan: 1.35 m/s2 Moon: 1.62 m/s2 Mars 3.72 m/s2 Earth: 9.81 m/s2
Planet Gravity

Figure 14: Distance Traveled vs. Gravity and Payload Mass.

The results show a clear correlation between gravity and rolling speed. As gravity rises, the speed of the rover also
increases. This makes sense as the rolling motion is a continual falling motion. Interestingly, there was a weak
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correlation to mass except for Earth. Here, the mass of the payload has a significant impact on performance. In the
case of the 200 kg payload, the gravitational force was large enough to overcome the forces generated by the motors,
causing the structure to collapse mid roll. In the 10 kg case, the actuators were able to push the rover faster as they
were not pushing against the mass of the payload. For lower gravity environments however, the mass of the payload
did not seem to produce a significant effect.

5.7. Potential Control Strategy Improvements

Several paths are present to improve the quality of the controller. Training in a more varied environment with more
rugged terrain could help the rover learn robust terrain navigation. Adding to this, the symmetry of the rover could be
exploited to improve the quality of the controller. The controller could be reoriented so that it is aligned with the same
relative section out of the six sections in the rover.

Another challenge will be the transfer of the policy to a real rover. This is caused by the learner learning a control
policy in a simulated environment that does not match the physics of the real world. Training in a higher fidelity
training environment such as the NASA Tensegrity Robotics Toolkit could address some of these issues as the physics-
based simulator is of higher fidelity than the MATLAB simulator [22]. To improve the transfer to the real rover, noise
could be added to the actions in the learning environment [23].

6. Concluding Remarks

The purpose of this research was to expand the application of tensegrity-actuated planetary rovers and demonstrate
the TANDEM concept is a viable platform to explore the surface of Titan. Detailed investigation into four major
aspects of the mission were reported: entry system analyses, aeroshell design, tensegrity modeling, and locomotion
studies. The entry analyses included aerodynamics, aerothermodynamics, trajectory, and mass modeling. The
aeroshell was designed using the same ballistic coefficient as the Huygens aeroshell but with the geometry of the
Stardust backshell. The structural and TPS masses of the aeroshell were estimated. The master equipment lists for a
scaled aeroshell design were reported.

Following the selection of the Stardust aeroshell design, research focused on the specific design of the forward shell.
This involved conceptualizing adaptations to accommodate TANDEM and studying optimization techniques for
preliminary structural analysis in the near future. It was determined that the estimated impact velocity of the tensegrity
rover without a parachute is within the design constraints, eliminating the need for a landing parachute.

Omnidirectional impact studies identified the weak impact orientations for the TANDEM’s original topology.
Reversing the direction of one of the rigid elements in each section reduced the maximum deceleration experienced
by the payload module across all angles of impact. Kinematical, nonlinear optimization form-finding techniques were
used to generate several TANDEM configurations. A deployment strategy was developed, including the cable rest-
length controller and simulated tension histories for a given shape change.

Lastly, a learning-based control strategy was proposed using neuroevolution to produce efficient and adaptable
locomotion gaits. Two different behaviors were trained, one which prioritized a robust controller to move in multiple
directions, and the other prioritized speed in a particular direction. Each behavior used a strategy which set a number
of cable pairs at a time that actuated together. This way, the tensegrity structure retained its stable, ball-shaped
configuration while one cable expanded and the other cable in the pair contracted. The TANDEM concept for the
Titan mission is a single, multifunctional tensegrity system which is lightweight, highly packable, and an ideal
rideshare candidate on a future mission to Titan.
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